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been observed that direct contact of LPMs with aged PAC can lead to excessive irreversible fouling
due to modifications to PAC characteristics inside the contactor following the development of biofilm
and/or the increase of PAC micro-particles concentration caused by the constant aeration required
inside the contactor to prevent PAC settling [3,4,6]. The abrasion produced by the aeration of a high
concentration PAC suspension is also a concern for the long-term physical integrity of immersed
polymeric hollow fibers [2]. Consequently, separating the membranes from the PAC solution (i.e.,
contactor) may limit the potential adverse impacts of PAC particles on membrane fouling and integrity.
However, this configuration requires an intermediate step to separate and retain the PAC inside the
contactor. Micro-screens could potentially be used for such application.
Even if the PAC contactor is separated from the membranes by the use of a separation process such
as a micro-strainer, it is expected that carbon fines will be exported from the contactor to the membrane
and contribute to membrane fouling [3,7]. Indeed, Khan et al. (2011) noticed that agitation and aeration
led to a reduction of PAC particles size distribution inside the contactor. This phenomenon would favor
the export of particles having a size lower than the mesh size of the micro-screen; a phenomenon that
could induce membrane blocking [8]. In addition, the impact of PAC fines may be largely different from
one membrane system to another due to various physical, chemical and operational characteristics.
Ceramic membranes are increasingly being researched as an alternative to polymeric membranes [9].
Due to their mechanical resistance, they can be backwashed using a higher backpressure, which might
be a favorable option to alleviate the impact of PAC fines fouling.
The role of PAC pretreatment on membrane fouling is complex. On one hand, adsorption of
natural organic matter (NOM) onto PAC may decrease membrane fouling due to internal adsorption
mechanisms [10,11]. On the other hand, PAC particles may increase cake deposition at the membrane
surface [4]. NOM-PAC bonding can contribute to fouling by the formation of a thick cake layer [12,13].
Interestingly, in the absence of foulants, such as NOM, high concentrations of virgin PAC have been
reported to result in minor loss in permeability [14].
The objective of HMP is to maintain the PAC within the contactor for a period of time as high as
several weeks. Under such operating condition, PAC characteristics are expected to undergo significant
changes due, in part, to the formation of biofilm on its surface. Past studies have shown that aged PAC
suspensions had different settleability characteristics [15] and propensity to foul UF membranes [6].
Clearly, further studies conducted on the HMP should consider the important role of aged PAC on
membrane fouling.
The general objective of the present study was to quantify the impact of a high concentration
PAC contactor pretreatment on the fouling of low-pressure membranes. Assays were conducted
in parallel using MF ceramic and UF polymeric membranes in order to observe the influence of
membrane type/configuration. Ceramic membranes were considered for this application because of
their mechanical strength, which enables higher backwash pressures to be considered. The MF ceramic
and UF polymeric membranes were selected based on their commercial availability for this particular
HMP application. The study was conducted on four parallel industrial pilot membrane systems
(MF ceramic or UF polymeric membranes, with and without PAC pretreatment). Total physically
irreversible and chemically irreversible foulings were measured for different operating fluxes in order
to better distinguish the nature of PAC fouling. Finally, chemical washwaters were analyzed to confirm
the foulant characteristics.
2. Material and Methods
2.1. Source Water
This pilot study was conducted using settled water from the Ste-Rose treatment plant
(Laval, QC, Canada). Settled water is produced using Mille-Iles River water treated in a sludge
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Table 1. Feed water quality with and w/o powdered activated carbon (PAC) pretreatment. 
Parameters Units Values   With PAC Ptreatment 
Turbidity 1 (NTU) 0.2–0.8 0.2–2.0 
TOC 2 (mg/L) 2.64–3.7 (Avg. 3.03) .19–2.17 (Avg: 1.87) 
pH –  6.5–7.3 
Alkalinity mg Ca O3/L  <20 
Hardness mg Ca O3/L  25–40 
1 Tu   membrane filration was always below 0.07 NTU for both membrane systems; 2 TOC 
removals by both membranes were marginal (≤10%). 
   U 
             
  fi  TM) and c fi    
, MN, USA). One treamet train includd a pretreatment consisting of a high 
concentration PAC contactor while the secod train hd no prtreatment bfore th membrans and 
served as a control. Tabl 2 prvides ifrmation n the pilt desg/operatng condtons, while 
Fgre 1 ilusates the eatmet train configuration tha included h PAC pretreatment. First, 
setled water was pumped ino  stirred activaed cabon cotactor (CC) in which water ws pu in 
contact with a 5 g/L suspension of d50 = 243 µm PAC (d10 = 165 µm) (Aquasorb5000, PICA). A fracion 
of the PAC was purged daily in rder to achieve a TOC concetration of less than 2.0 mg C/L in the 
PAC ontactor fluent. Over the course of this project, an averag equivalent PAC dosage of   
        were measured at he influent/efluent of 
the PAC contacor using an o-lie TOC analyzer (Sievers 900, GE Water, Boulder, CO, USA). P C 
was maintained sie the contator nd separated from the eflunt by an 80-µm micro-strainer (cf. 
Figure 1). Approximately 0.6% of the PAC particles wer below this value. The fluent   
    membranes. As discused earlier, an identical treatment train to th oe n Figure 1 
was operated in paralel without a PAC suspension inside the contactor. 
 
Figure 1. Schematic of the Hybrid Membrane Process (HMP) with powdered activated carbon (PAC) 
pre-treatment. See Table 2 for design criteria. Stars indicate sampling points used to assess PAC 
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C/L. However, the turbidity was observed to be higher in the feed water originating from the PAC 
contactor than in setled waters. The other parameters (pH, alkalinity, hardness) were not impacted 
by the PAC pretreatment. 
3.2. Seasonal Fouling Variability 
Figure 2 presents the fouling coeficients obtained at lab-scale using the single holow fiber 
module as wel as the TOC concentration of the setled feedwater. As a basis of comparison, total 
fouling coeficients measured on the polymeric pilot membrane (without PAC pretreatment) are also 
included in Figure 2. During the 19 weeks test period, lab-scale fouling coeficients averaged 0.56 but 
varied from 0.30 to 0.91 m2/m3. This variability was related to a temporal trend, which was correlated 
to TOC variations in the setled feed waters (r2 = 0.59, p = 0.005). A similar correlation was observed 
when correlating TOC with total fouling coeficients (μTF) at pilot-scale for the polymeric membrane 
without PAC pretreatment (r2 = 0.70, p = 0.005). 
 
Figure 2. Comparison of lab-scale (1 fiber) and pilot polymeric membrane (w/o pretreatment) total 
fouling coeficients along with setled water Total Organic Carbon (TOC) concentration variations 
from May to September 2013. 
3.3. Export of PAC Fines from the Carbon Contactor 
PAC purges (every 10 to 40 min) and additions (every 25–95 min) in the CC were conducted 
regularly to keep the PAC age constant. PAC age was adjusted occasionaly according to the setled 
water TOC in order to maintain the TOC efluent concentration under 2 mg C/L. Efluent from the 
CC transited through a smal reservoir (90 L or ≈ 9 min) which was used to feed the pumps delivering 
waters to the membranes. Figure 3 presents a typical result for the export of PAC fines folowing one 
event of PAC addition. Turbidity at the efluent of the carbon contactor feeding the pumping 
reservoir rose from 0.36 to 0.57 NTU folowing PAC addition (or 7000–22,000 particles/mL above 2 
µm). This efect was observed to last for about one hour. This peak of turbidity induced by PAC was 
only slightly atenuated by the pumping tank. However, an accumulation of PAC fines at the botom 
of this reservoir was noted throughout the study. Nevertheless, Figure 3 indicates that most of the 
PAC fines did reach the membranes. From the particle size distribution in the tank efluent, one can 
estimate that each PAC addition (around 10.8 g PAC) in the CC led to the total export of about 210 
mg of PAC fines (1.9% of the PAC added) on the membranes (95 mg PAC/m2/event). This PAC export 
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Figure 3. Particle counts and turbidity measured during the PAC export assay. Samples were 
colected before/after the transfer tank supplying the membranes (see Figure 1). 
3.4. Fouling Behavior 
3.4.1. Typical Fouling Data 
Figure 4 presents typical permeability monitoring data for the assays conducted at 80 and 140 
LMH. For one given membrane, each individual slope represents 24 cycles of operation (or 18 h), 
folowed by a CEB, which results in the sudden permeability recovery. From these data, it is apparent 
that, although the ceramic membrane system had a lower initial permeability, its permeability 
remained more stable than for the polymeric membrane. Additionaly, the polymeric membrane 
system was negatively impacted by the PAC pretreatment, most likely due to the export of fines. 
Further analysis of the entire dataset using the concept of fouling coeficient is presented in the 
folowing sections. 
  
(a) 80 LMH (b) 140 LMH 
Figure 4. Typical fouling data for assays at (a) 80 LMH; and (b) 140 LMH. Permeabilities are 
normalized at 20 °C. SW: Setled Water without PAC pretreatment. 
3.4.2. Total Fouling 
The total fouling coeficients were calculated for the four configurations operated at six 
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(a) 80 LMH (b) 140 LMH 
Figure 4. Typical fouling data for assays at (a) 80 LMH; and (b) 140 LMH. Permeabilities are 
normalized at 20 °C. SW: Setled Water without PAC pretreatment. 
3.4.2. Total Fouling 
The total fouling coeficients were calculated for the four configurations operated at six 
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a reflection of experimental variability and imprecise pressure monitoring at low flux. Three of the
experimented conditions (cf. asterisks in Figure 5a,c,e) were considered to be outliers and were
excluded from any subsequent statistical analysis. The higher fouling observed at 60 LMH for ceramic
membranes was traced back to an improper CIP procedure before this assay (the bleach solution was too
diluted), and a feedpump failure occurred at the beginning of the 100 LMH test with PAC pretreatment.
Membranes 2016, 6, 38 9 of 14 
 
membranes while operating at 20 LMH in the absence of PAC. Average fouling coefficients were 
even negative which implies improved permeability compared to clean water flux, a situation which 
is in our opinion a reflection of experimental variability and imprecise pressure monitoring at low 
flux. Three of the experimented conditions (cf. asterisks in Figure 5a,c,e) were considered to be 
outliers and were excluded from any subsequent statistical analysis. The higher fouling observed at 
60 LMH for ceramic membranes was traced back to an improper CIP procedure before this assay (the 
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test with PAC pretreatment. 
 
Figure 5. Fouling coefficients of MF ceramic membranes (a,c,e) and UF polymeric membranes (b,d,f) 
fed with and without PAC pretreated water (black and grey distributions respectively). Markers 
indicate arithmetic means, boxes represent standard errors and whiskers illustrate the 95% confidence 
interval. * indicate the three outlier conditions due to improper CIP. 
The impact of three different parameters on TF coefficients was evaluated: flux increase, 
membrane system and PAC pretreatment. Flux was generally found to be the most important factor 
impacting total fouling coefficients (p < 0.01). For three of the four tested conditions, μTF increased 
from 0.3 to 0.7 m−1 when the flux was increased. However, the ceramic membrane system receiving a 
PAC pretreatment was not impacted by a flux increase (p > 0.05). The negative effect of higher flux 
Figure 5. Fouling coefficients of F cera ic e bra es (a,c,e) an F ol eric e r s ( , ,f)
fed with and without PAC pretreated water (black and grey distribut ons respectiv ly). Markers indicate
arithmetic means, box s repres nt standard errors and whiskers illu trate the 95% confiden e interval.
* indic te the three outlier conditions due o improper CIP.
The i pact of three different parameters on TF coefficients was evaluated: fl i r ,
e brane syste and PAC pretreatment. Flux as generally found to be the ost i portant factor
i pacti total fouling coefficients (p < 0.01). For three of the four tested conditions, µTF increased
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CIP Assays(LMH) Ceramic Polymeric
w/oPAC PAC w/oPAC PAC
0 N.A. 100% 100% 100% 100%
1 After20 91% 92% 78% 75%
2 After40 67% 66% 81% 78%
3 After60 79% 83% 88% 86%
4 After80 84% 50% 89% 89%
5 After100 79% 91% 99% 93%



















(%) µ(m1) (%) µ(m1) (%) µ(m1) (%) µ(m1)
Totalfouling(TF) 100 0.58 100 0.55 100 0.56 100 0.62
ReversiblebyBW1 76 0.44 74 0.41 82 0.46 79 0.49
ReversiblebyCEB2 20 0.12 21 0.11 15 0.08 16 0.10








































20 0.21 0.85 0.34 0.98 0.29 0.45 0.32 0.32
40 0.42 0.91 0.42 0.25 0.40 0.86 0.43 0.86
60 0.19 0.64 0.27 0.61 0.33 0.05 0.46 0.16
80 0.26 1.01 0.29 0.94 0.26 0.11 0.33 0.14
100 0.25 0.58 0.18 0.41 0.29 0.12 0.42 0.20
140 0.15 0.31 0.28 0.38 0.27 0.43 0.38 0.39
Avg. 0.21 0.68 0.27 0.59 0.31 0.34 0.39 0.34
*DatainboldindicateCIPforwhichproblemswereencountered(seeSection3.4.2).Datainboldwerenot
consideredinthestatisticalanalysis.
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Neglecting iron led to observe that inorganic foulants were essentially composed of aluminum
(90%), which was expected as the feedwaters were settled waters pretreated with alum. Overall, the
CIP procedures removed 36% more inorganic than organic foulants (if one assumes that NOM foulants
are composed of roughly 50% carbon by weight). Differences in chemical washwaters characteristics
were observed amongst membranes and pretreatment configurations. Organic foulants were 45% more
abundant (p < 0.01) on polymeric than ceramic membranes. On the other hand, inorganic foulants
were on average 53% more abundant (p < 0.01) on ceramic membranes. The more aggressive CIP
procedure for ceramic membranes (12 h soaking time versus 6 h for polymeric membranes) may have
helped retrieving more inorganic foulants. For both membranes, the presence of a PAC pretreatment
slightly increased (p < 0.01) the surface concentration of organic foulants. For example, average organic
foulants concentrations rose from 0.21 to 0.27 and from 0.31 to 0.39 g C/m2 for ceramic and polymeric
membranes, respectively. On the contrary, the PAC pretreatment did not make a significant difference
on the concentration of inorganic foulants for both membranes (p > 0.05). Finally, the impact of flux
was not statistically significant.
4. Discussion
Two main objectives were targeted in this study: evaluating the impact of a PAC pretreatment on
membrane fouling and comparing the behaviors under identical operating conditions of two suitable
membranes for the HMP (a MF ceramic vs. a UF polymeric system). Past studies assessing the impact
of PAC on membrane fouling have led to contradicting conclusions. Some have noted that PAC
reduced fouling [10,11,17] while others concluded that PAC contributed to increase fouling [4,12,18,19].
In the present study, the presence of a PAC pretreatment had an impact on the fouling of the UF
polymeric membrane for which TF, PIF and IF-CEB were observed to increase by 15, 21 and 57%,
respectively. On the other hand, for the MF ceramic membrane, no fouling type was observed to be
impacted by the PAC pretreatment. The goals of the PAC pretreatment were to reduce DOC (mostly
for disinfection by-products control) and other trace organic micropollutants. Clearly, a reduction
in DOC did not lead to a reduction in membrane fouling. A review performed by Stoquart et al.
(2012) suggests that PAC preferably adsorbs NOM fractions, which have a low impact on membrane
fouling [2]. In our study, the most severe NOM foulants (humics and biocolloids) had probably already
been removed by the alum/settling pretreatment. Therefore, the higher observed fouling in presence
of PAC is hypothesized to result from (i) the export of PAC fines which may act as foulants and/or
(ii) the secondary interactions of PAC fines with other organic/inorganic foulants.
The export of PAC fines to the membranes was documented in this study, a phenomenon which
led to an increase in total fouling on polymeric membranes of 15%. During our study, resistant
ceramic membranes were backwashed with a pressure build-up, which was probably more efficient
at controlling the effect of PAC fines. Following PAC pretreatment, irreversible fouling by CEB was
increased on the polymeric system but not on the ceramic system. The quantification of foulants in
the CIP cleaning solutions also demonstrated that more organic foulants were extracted from the
membranes fed with PAC pretreated water, an effect which was more pronounced on the polymeric
membrane. Foulant-foulant interactions are a complex phenomenon, which is anticipated to be
governed by source water characteristics. Zhao et al. (2005) reported that Fe-PAC interactions led to
a higher cake resistance than Al-PAC or Ca-PAC interactions [4]. However, even if iron was present
in major concentrations in the CIP waters of this study, it is not possible to confirm its role due to its
suspected release from external material during acid wash. Nevertheless, our results are in agreement
with the work of Londoño (2011) who concluded that irreversible fouling in PAC/UF systems was
not the result of pore plugging by PAC fines but rather the result of a modification in the cake layer
formation [20].
The impact of flux increase was also assessed in the present study. Previous studies have noted
an impact on fouling rate especially while operating above the critical flux [21,22]. While the present
study was not focused on determining the membranes critical flux, our results demonstrate that
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operating below 60–80 LMH was most often beneficial to reduce total and physically irreversible
fouling coefficients. In the presence of the PAC pretreatment, flux increase was not a significant
factor for the MF ceramic membrane system as opposed to the UF polymeric system. In all cases, the
evaluation of flux impact on fouling is biased by the fact that feedwater fouling characteristics changed
between flux experiments as evidenced by the lab-scale mini-module. This observation reinforces
the need to include a fouling control during membrane study, especially if they are not conducted on
parallel treatment trains. The lab-scale mini-module of polymeric membrane proved to be useful to
achieve this goal as it behaved similarly to the pilot polymeric membrane.
As a final remark, although PAC was observed to increase fouling on the UF polymeric membrane,
it is important to point out that total fouling coefficients were reasonable and could be managed with the
use of chemical enhanced backwashes. On the other hand, the superiority of the MF ceramic membrane
to mitigate PAC fouling implies the use of more intensive physical backwash and a higher average
pressure of operation due to the lower permeability of the MF ceramic monoliths. Future studies
should consider alternative options to mitigate the effect of PAC fines on membrane fouling.
5. Conclusions
The general objective of this study was to quantify the impact of operating a high concentration
PAC contactor on the fouling of low-pressure membrane systems.
Releases of PAC fines from the carbon contactor were measured as equivalent to a continuous
dosage of 0.35 mg/L (or 1.9% of the applied PAC dose).
Even though the PAC pretreatment reduced TOC in settled feed water, fouling was observed to
increase due to the release of PAC fines.
As opposed to the UF polymeric membrane, fouling on the MF ceramic membrane was not
significantly impacted by PAC fines.
Chemical enhanced backwashes and CIP were efficient to recover membrane permeability on
both membrane systems.
Acid and caustic/bleach chemical wash revealed more abundant organic deposition on
membranes which had undergone a PAC pretreatment. This impact was not significant for
inorganic foulants.
Further studies should elucidate the interactions of accumulated PAC fines with other foulants,
as well as compare viable options to mitigate their impact on membrane fouling.
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